Mapping of blood velocities across the lumen of the ascending aorta was performed in eight patients during open-heart surgery. A Doppler ultrasound probe was constructed to measure velocities in 2 mm steps from the maximum convexity to the maximum concavity of aorta, 6 to 7 cm above the aortic valve. In five patients with angina and normal aortic valves, velocity profiles were very similar and showed the following main features: a skewed peak systolic velocity profile with the highest velocity along the left posterior wall, a bidirectional velocity profile in late systole and early diastole with retrograde velocities along the left posterior wall, and a sustained antegrade flow along the convexity well into diastole. The resultant mean velocity profile had the highest velocity at the convex side and a central minimum velocity. In patients with Medtronic-Hall tilting disc prostheses, where the larger opening was oriented backwards and to the right, mean flow velocity profile was skewed in the opposite direction of normal. Moreover, instant systolic velocity profiles were much more irregular and dependent on the exact orientation of the prosthesis. In one patient with aortic valvular disease, very irregular and different velocity profiles were found. Based on a symmetry assumption, overall mean velocity for the total cross section was computed, and the magnitude of error in estimation of total flow from measurement of velocities at different depths was calculated. To measure total flow in the aorta, i.e., cardiac output, by single-gated Doppler technique, the most representative sampling site was about one-third of the diameter from the convex wall.
CONTROVERSIAL REPORTS on velocity distribution of blood, commonly referred to as the velocity or flow profile, in the ascending aorta and the aortic arch have appeared in the literature.'-13 The controversies persist over description of shape of the profile as well as magnitude and direction of skewness. The localization and amount of normal retrograde flow are also factors variously reported. The introduction of aortic valvular prostheses of various types has enhanced interest both in a technique to describe the velocity profile and in further documentation of disturbed flow patterns. In addition, attempts to measure cardiac output by recording the mean velocity from a limited volume within the aortic lumen by means of Doppler ultrasound have focused attention on a detailed and quantitative description of the flow pattern in the ascending aorta. 8 10 12 From the Department of Surgery, Haukeland Hospital, University of Bergen, Norway.
This study was made possible by support from the Norwegian Council on Cardiovascular Diseases. Equipment was generously supplied by Vingmed A/S, Oslo, Norway. Whereas aortic velocity profiles commonly refer to the systolic propulsion of blood, less is known about diastolic events in the ascending aorta. That mean diastolic flow in the ascending aorta is low compared with systolic flow does not preclude an important effect of diastolic velocities on the time-integrated or mean velocity profile. The scarce reports on this subject8 10 concluded that mean velocity profile in the ascending aorta is relatively flat, until recent reports from Vielli and Jenni and their co-workers12 13 showed that timeintegrated velocity varied considerably across the lumen of the ascending aorta.
Current knowledge of this subject stems from computational models," 2 in vitro preparations,1 6 intraluminal and transluminal registrations in animals,7'or noninvasive estimates in patients.1 113 A major problem in both theoretical and in vitro investigations is the exact duplication of characteristics of pulsation, valve function, mechanical properties of the vessel wall, and the viscous properties of blood. Thorough investigations in dogs have been reported8 and recent noninvasive investigations have provided some information of distribution of flow in the human aorta,12 13 but so far detailed, intraluminal registrations in man have not been available. This study was undertaken to provide such data by stepwise measurement of blood velocities across the ascending aorta during open-heart surgery.
Methods
Patients. Measurements were performed in eight patients undergoing open-heart surgery. Five of these were operated on for angina pectoris (ages 34 to 58 years, mean 48.4) and had normal aortas and aortic valves. Three patients had aortic valvular disease for which Medtronic-Hall prostheses were implanted. The anesthesia in all patients was a combination of low-dose Fentanyl, diazepam, pancuronium, and a nitrous oxide/oxygen mixture.
Velocity mapping was performed immediately before cannulation for extracorporeal circulation in patients with norrnal valves and in one patient with aortic valvular disease (severe regurgitation; bicuspid ostium with fusion of the two coronary cusps). In all three patients with prostheses the mapping was performed immediately after decannulation. The study protocol was approved by our institution's ethics committee, which described that informed consent by patients was not required in this case.
Velocity probe. In the opening of a 1.8 mm steel cannula with a 90 degree bend at the tip, a piezoelectric crystal with a resonance frequency of 10 MHz and 1.5 mm in diameter was mounted and isolated by epoxy resin (figure 1). The crystal and epoxy surface was flat, to give a nonfocusing beam. As the width of the crystal was almost 10 times the wavelength, a fairly homogenous beam of about the same width as the crystal would be expected, particularly within the near-field zone 0 to 4 mm from the crystal. An external guide pin indicated the direction of the ultrasound beam. For patients' safety, the probe was cona nected to the Doppler meter through an isolation transformer.
Measurement technique. It is our standard procedure to cannulate the ascending aorta with a small cannula at its convexity for venting and infusion of cardioplegic solution. A pursestring suture is used to control bleeding. In this series, cannulation was performed at the maximum convexity on the right anterior part of aorta, 6 to 7 cm from the aortic valve. The velocity probe was introduced into the aortic lumen through the same opening and advanced until the posterior left wall was touched, and then withdrawn in steps of 2 mm. The depth was read from marks on the probe stem. The cannula was kept vertical to the aortic surface at its entrance and the guide pin pointed toward the aortic valve.
Registration and instrumentation. A range-gated pulsedwave ultrasound Doppler meter was used (Alfred, Vingmed AJS, Oslo, Norway). Its characteristics have been described in detail previously.'4 Transmitted frequency was 10 MHz in this study. Velocity sampling was performed 3 to 4 mm upstream from probe to avoid retrograde influence on flow from the probe itself, and the sampling gate was 1 mm. On-line spectral analysis of the Doppler shift frequencies was performed (Daisy, Vingmed A/S) and hardcopies were recorded on a fiberoptic recorder (Tektronix 4634, Tektronix Inc., Beaverton, OR). Because of the small sample volume, the spectrum was narrowbanded and allowed visual averaging (figure 2 caused by filtration and interference could be avoided. The maximum velocity that could be recorded without aliasing was 1.6 m/sec with this set-up, and the frequency response was in the order of 150 Hz. Three to eight beats during regular sinus rhythm were recorded at each depth level. The visual mean Doppler shift curve was digitized by a graphic tablet (Tektronix 4957, Tektronix Inc.) interfaced to a minicomputer (ND-500, Norsk Data, Oslo, Norway). The resultant data sequence was simultaneously displayed on a screen as graphic plots. A graphic display terminal (TDV 2200/9S-Graphic Option, Tandberg Data A/S, Oslo, Norway) was used for all displays in the study, and hardcopies were obtained by screen photography.
Data processing. Between 150 and 300 consecutive beats were recorded in each patient during a hemodynamically stable period. The aim of data processing was to produce the image of one average heart cycle.
Each beat, timed by R waves in the electrocardiogram, was first normalized with respect to time by dividing each cycle into 64 intervals. The average waveform for each depth level was then constructed. Velocity profiles for each interval were constructed by combining the velocity value from the average curves at all depth levels. To display all velocity profiles through an averaged heart cycle, three-dimensional plots were computed in which time, velocity, and radius constituted the three axes. To normalize the plot for each patient into a 64 x 64 matrix, and at the same time smooth the contours of the plots, a synthesizing method was used.
Diameter-averaged instant velocities (v>) were computed for each time interval by integration with respect to depth and division by the number of levels. Time-averaged point velocity (vi) for each depth was achieved by the same procedure along the time axis. These values constituted the mean velocity curve for the investigated diameter along the time axis and mean velocity profile, respectively.
Cross-sectional mean velocity was calculated based on two assumptions: first, that the cross section of the aorta is circular and, second, that all velocities at points equally distant from the central axis are symmetric about an axis crossing the central axis. The integral of all velocities in points with equal distance from the vessel wall represents the volume bounded by a cylindrical shell, a zero-plane and an upper plane containing two known points (figure 3). From these computations the flow curve could be constructed and, by integration with respect to time, stroke volume, cardiac output, and mean flow per unit area per unit time were calculated.
A more detailed explanation of the data processing together with a list of definitions of velocity terms is presented in the Appendix.
Results
The described procedure was carried out in eight patients without complications. The extra time consumed during surgery was less than 5 min in all patients. The number of cycles investigated at each level, the number of levels, and the results of the computations of hemodynamic variables are presented in table 1. Original spectral tracings and the resulting digitized curves with average cycle are shown in figure 2.
During pilot studies in four patients the velocity was measured upstream and downstreaiii at ditfeient distances from the probe. Downsti-eairi measurement yielded lower velocities as far as 5 or 6 mm from the probe, but no detectable difference could be found between the measurements upstream when the sampling gate was more than 3 mm from the probe, which is the lower depth limit of the Doppler meter at 10
MHz.
Positive-pressure ventilation influenced the shape and magnitude of velocity tracings. The main changes were high diastolic blood velocity during the first part of inspiration and low peak systolic velocity at maximum inspiration. Superimposed oscillations of 10 to 20 Hz varied from beat to beat, probably due to variations in airway pressure. Lack of exact timing of respiration cycles precluded further analysis of these effects in the present study, but by averaging several beats these oscillations were largely eliminated.
Three-dimensional plots of the flow pattern based on unmodified average tracings are shown in figure 4, together with selected velocity profiles from two patients with normal aortic valves. The synthesized images from the same two patients are found in figure 5 (panels 3 and 2, respectively).
The distribution of blood velocity within the normal aorta is shown for the five patients in figure 5. Common features were (1) a flat, symmetric velocity pro- inside-to-outside basis (In-Out); its midpoint corresponds to the axial aortic blood stream. The two plots, a and b, both cover a complete heart cycle but are rotated so that either the systolic features or the diastolic features are better demonstrated. a, The "systolic view" is shown for patient 3 with the left posterior side of the aorta to the right (In) and the right anterior side to the left (Out). b, The "diastolic view" from patient 2 is shown with the inner curvature to the left (In) and the outer, right anterior side to the right (Out). c, Four selected velocity profiles from the same two patients: 1, at the time of peak forward velocity; 2, late systole; 3, early diastole at the time of peak negative velocity; 4, middiastole. The central vector (arrow) represents 0.5 m/sec. 5 file in early systole; (2) a skewed but flattened velocity profile in peak systole, with higher velocities along the left posterior wall (In); (3) a shorter period of forward flow and more pronounced retrograde flow along the left posterior wall; (4) along the anterior right wall (Out) there were lower maximum velocities but the forward velocities lasted for a longer period, extending far into, and sometimes covering all of, diastole; (5) from late systole to middle diastole there was a bidirectional flow situation, where blood appeared to rotate in a clockwise direction as observed from the left anterior aspect of the ascending aorta. The mean velocity profile for patients with normal aortic valves are shown in figure 6 . Except for one patient (No. 5) with pronounced tachycardia (1 37 beats/min), all profiles were skewed, with the higher velocity at the anterior right wall (Out). Profiles showed a more or less pronounced central "umbilication." Because all profiles are scaled by mean velocity, the only locations where representative mean point velocity with respect to flow measurement may be sampled are the crossing of the velocity profile line with the horizontal line representing mean velocity for 94 the whole cross-sectional area averaged with respect to time. These levels are listed in table 2 and are positioned between one-fourth and one-half of one diameter length from the anterior wall. At other levels, as much as a 135% overestimate or an 85% underestimate would occur if a very small sample volume were used to estimate mean velocity in the ascending aorta.
Velocity profiles behind tilting disc prostheses are presented in figure 7 . In all three patients a sharp, high peak velocity was present (around 1.5 mlsec). Its position was related to the orientation of the larger opening of the valve. There also was a clear difference from normal valves with regard to premature systolic velocity, biphasic systoles, and a negative velocity "valley" along the anterior right wall. Mean velocity profiles behind aortic valvular prostheses are shown in figure 6 . Compared with highly different images in three-dimensional plots, mean velocity profiles were surprisingly uniform. A rather flat velocity profile appeared with a peak at the left posterior part of the investigated diameter. There was a low-flow area along the right anterior wall with a negative mean flow in one of the patients. Interestingly,
Out In crossing with the line representing mean velocity occurred in the same area as for normal native valves, although the skewness of the mean velocity profile behind prostheses mirrored that of patients with normal valves. Midstream (axial) sampling therefore would lead to some overestimation of mean velocity in the aorta but would provide a more representative velocity sampling in these patients than in patients with normal valves. Aortic valvular disease is represented by one patient only (figures 6 and 8). In this patient, a deformed and bicuspid valve associated with severe regurgitation was present. Highly irregular velocity profiles were detected in the ascending aorta in this patient before valve replacement. A representative sampling site for flow recording or cardiac output estimation cannot be identified.
Discussion
The most important finding in this study was the asymmetric shape of the mean velocity profile in a part of the ascending aorta where the velocity profile by many investigators has been reported to be almost flat. 8 11 To analyze the divergent reports of the distribution of velocity, several clarifications are necessary. Velocity measurement techniques have been different in most studies. By nondirectional methods only peak systolic velocity profiles may be produced with reliability. This applies to most thermosensor techniques.171 Previously used apparatuses often had a low frequency response and the measurements therefore implied some time-averaging. Data on frequency response are seldom published, but is probably in the order of 10 to 20 Hz for instance for hot-film anemometry. Noninvasive and to some extent extraluminal multigated Doppler techniques" 12, 13 have relatively large sampling volumes in all directions, which are larger and less well defined at greater depths. In particular, therefore, the deeper velocities must be regarded as space-averaged. In addition, extraluminal techniques required an angle between the ultrasound beam and the blood flow direction, which leads to sampling at different distances from the valve. Finally, extraluminal techniques require filtration of signals because of movements between probe and vessel wall as well as radial velocity components. A high degree of highpass filtration makes such techniques unsuitable for diastolic velocities near zero value. The problems listed above were avoided in our study. Only the report from Lucas et al.8 using a similar technique to ours is comparable in this respect.
The accuracy of our data is dependent on the Doppler sampling and data processing techniques, both of which have been covered extensively in other publications.'4 The angle between the blood stream and the ultrasound beam also affects the measurements, but even though as much as 10 degrees of error could be expected in both planes velocity estimates would be at the most 1.6% erroneous because the estimate is proportional to cosine of the angle. Location of measurements is referred to the anterior wall and therefore a difference of up to 1 mm in location from systole to diastole may occur with respect to distance from the posterior wall. 15 Since the velocity profile in diastole is flat with low velocities, no correction for this error has been found to be necessary. A single-crystal technique is limited to the determination of one component of the velocity vector; in this study only the axial component of the velocity vector was measured. This is satisfactory with respect to flow determination, but one must bear in mind that both tangential and radial velocity components exist. 1 9, 10 The apparent rotational move- Only the site of the central and most anterior of the reference points is computed for each patient even if two or more exist, as shown in figure 6 . Skewness is calculated for the mean velocity profile as explained in Methods. Tabulated overestimates and underestimates refer to theoretical maximum of error if point mean velocities were used for calculation of cardiac output. Duration of systole and diastole are tabulated except for patient B, in whom end-systole could not be exactly identified (see figure 7 ). ment in diastole may therefore be an effect of a more complex helical flow pattern not detectable with this technique. On the other hand, such flow patterns may disturb measurements obtained by techniques sensitive to other flow directions. Extraluminal Doppler techniques, for instance, require a large angle between the ultrasound beam and blood stream compared with an angle of virtually zero in the present work. Radial velocity components will then mix with axial components, and lead to false measurements of the axial velocity.
Important in our study is the choice of investigated diameter. Although comprehensive analysis of blood flow patterns must cover the entire cross section of the vessel, for practical reasons most investigations, including ours, have been limited to one diameter, mostly in a sagittal plane.8' 10, 12 Both theoretical considerations and the work of Paulsen and Hasenkam7 indicate that the most pronounced skewness of systolic velocity profiles is found neither along a transverse nor an anteroposterior diameter, used in all other reports quoted, but along an oblique diameter through the largest convexity and smallest concavity, as used in this study. Most likely this is also the case for diastolic velocity profiles, although it has not yet been proved.
Despite different methods, some features reported in the literature could be confirmed by this study to be valid for the normal human aorta in vivo. First, the peak systolic velocity profile at the entrance of the aortic curvature is flat but skewed, with higher velocities along the concavity. Second, negative velocities exist and are most pronounced along the concavity in late systole and early diastole. These conclusions have been derived from theoretical computations and model studies"' 3-5 as well as from experiments in animalsl77and noninvasive data from humans. 12 13 However, few investigators have measured or computed the mean velocity profile, even if this is the only relevant estimate for evaluation of cardiac output. Those who have Vol. 76, No. 1, July 1987 done so report a flat velocity profile, in contrast to our findings that the mean velocity profile is skewed with the highest velocities along the right anterior wall. Lucas et al.' computed the mean velocity profile with a technique similar to ours. Their findings agree with ours with respect to skewed systolic velocity profile, negative posterior velocities in early diastole, and a tendency toward a central minimum ("umbilication") of time-averaged velocity. However, they found no significant skewness of the mean velocity profile. Fisher et al. ,10 who measured velocity at several points in the aorta, also reported mean velocities consistent with a symmetric mean velocity profile. Since these investigations were done in dogs, species-related factors may explain some of the differences. The only patient in our series with flat mean velocity profile had marked tachycardia at the time of measurement. Because tachycardia preferentially shortens diastole, which accounts for the reversed skewness of the velocity profile, the ratio between systolic and diastolic duration may be an explanatory factor. That the velocity profile in the human aorta differs from that in dogs is strongly supported by the work of Vielli, Jenni, and co-workers, who measured aortic velocities transcutaneously with a multigated Doppler technique from the suprasternal notch both in healthy subjects and patients with aortic regurgitation or hypertrophic obstructive cardiomyopathy.'2 13 Contrary to findings in dogs, it is clear from the studies of this group and from our study that the skewed mean velocity profile precludes reliable registration of mean aortic flow from small sample volumes within the human aortic lumen.
Jenni et al.'2 found from a 19% underestimation to a 45% overestimation of mean flow when selected gates were used. Although a mean velocity profile was not produced in this study, the computations from four selected gates suggest an asymmetric mean velocity profile in the ascending aorta, even in normal subjects. Differences in hemodynamic status might explain the different skewness of the profile; the dogs in the study of Lucas et al.8 and our "normal" patients were under the influence of slight cardiodepressive anesthesia, whereas the patients of Jenni et al.12 were awake; our patients with prosthetic valves were in a typical hyperkinetic postperfusion situation. The similarity between the results of Jenni et al.12 and the recordings in our normal patients in spite of different methods and different hemodynamic status seems to indicate a speciesdependent difference. This might explain why invasive cardiac output measurements with a small sample volume seem to give larger errors in humans than in dogs. 16, 17 Measurements in vivo of the flow pattern behind implanted valvular prostheses to our knowledge have not been presented previously. Investigations of the systolic velocity profile in vitro are in good agreement with our findings, as shown in figure 7 . 18 19 The differing locations of the parabolic jet in individual patients are readily explained by variation in angular rotation of the disc. That the skewness of the mean velocity profile is mirrored compared with normal native valves is probably due to a strong rudderlike effect of the disc. However, the difference in diastolic velocity profiles cannot readily be explained. From a clinical point of view it is disconcerting to observe very high velocities (1.5 m/sec or more) and velocity gradients as far from the valve as 6 cm. Closer to the valve, and in high-flow situations, one would suspect considerable shearing forces within the blood and along the endothelial lining of the vessel wall. This is consistent with the in vitro measurements of velocity and shear stress behind the Medtronic-Hall and other prosthetic valves performed by Woo and Yoganathan. 18 We can only speculate that the profound influence on the flow pattern behind the valves may be common to all single-leaflet disc valve prostheses in vivo. Pronounced biphasic systolic flow behind the prostheses cannot be fully explained but is probably related to the opening mechanism of this particular valve, possibly through a pressure-pulse wave mediated before full opening of the valve.
The only patient with pathologic aortic valves in this study showed that both the instantaneous and mean velocity profiles were highly irregular (figures 8 and 6). A wide individual variation must be expected depending on the valvular lesion.
It should be emphasized that the findings in this study are valid for the level 6 to 7 cm above the aortic valve. The skewness is most probably caused by the curvature of aorta and should be expected to be less pronounced closer to the valve. This may be part of the explanation for the high reproducibility found by noninvasive estimation of aortic velocity by gated Doppler techniques.20 Furthermore, when large sample volumes or continuous-wave Doppler are used, higher reproducibility of maximal velocity estimates may be expected. 2' 22 In the investigated part of the ascending aorta, the only way to achieve correct estimates of mean velocity seems to be with multigating systems where the velocities measured at each depth can be weighted according to cross-sectional area and compensated for range and actual angle between ultrasound beam and direction of the blood stream. Whether the entire cross-sectional area has to be covered or only one fully investigated diameter depends on confirmation of the assumption proposed in this study, that velocities in each cylindrical shell are symmetric about a cross-sectional diameter.
Appendix Data processing. Between 150 and 300 consecutive beats were recorded in each patient during a hemodynamically stable period. The aim of data processing was to produce the image of one average heart cycle. Each beat, timed by R waves on the electrocardiogram, was normalized with respect to time by dividing each cycle into 64 intervals. The mean point velocity of blood (vt,i) in each of these intervals represents the velocity at a specific intraluminal point at depth level i at time t (see Definitions). It was read as the visual mean from the spectrogram and is connected to the mean Doppler shift frequency (ft i) by the Doppler equation:
where C is velocity of sound in blood and Fo frequency of transmitted ultrasound. Because the angle between the ultrasound beam and the blood stream in this study is zero, the cosine factor is not included in the equation.
To obtain a representative waveform for each depth level, three different procedures were used to average the n of continuously registered cycles (n -3 to 8): (1) The mean point velocities (vj,1ik) with same phase angle in different heart cycles (k) were averaged for all cycles recorded at the same depth, giving an average point mean velocity (vo,i) as a function of phase angle (0) and depth level (i): 10 1 n k i -1 i,
(2) Discrete Fourier analysis was performed for the whole data sequence from each level. The average curve was synthesized by the first 10 repetitive harmonics (the zero coefficient and each nth coefficient pair) ignoring the other coefficients. (3) Discrete Fourier analysis was performed for each beat. The average curve was then synthesized from the arithmetic average of corresponding coefficients of the first 10 harmonics at each depth. Resultant average velocity curves from these three methods were virtually indistinguishable, and the first method, the arithmetic mean, was chosen and is referred to as the average velocity curve in this report.
Velocity profiles for each time interval were constructed by combining the velocity value from the average curves at all levels for each time interval. Two zero levels, representing the velocity at either vessel wall, were included as reference points in the display.
Three-dimensional plots were computed to display all velocity profiles through an averaged heart cycle. To normalize the plot for each patient into a 64 X 64 matrix, and at the same time smooth the contours of the plots, the following method was used: Based on average velocity curves as function of time, the curves representing the function of depth (in-out axis) were determined numerically, interpolated and smoothed arithmetically, and thereafter subjected to Fourier analysis and resynthesized by nine harmonics over 64 depth levels. The plot was then again slightly smoothed along the time axis by Fourier analysis and resynthesis by nine harmonics (figure 2).
Diameter-averaged instant velocities (vo) were computed for each time interval by integration with respect to depth and division by the number of levels. Time-averaged point velocity (vi) for each depth was achieved by the same procedure along the time axis. These values constitute the mean velocity curve for the investigated diameter along the time axis and mean velocity profile, respectively.
Cross-sectional mean velocity can be calculated only if the entire cross-sectional area has been mapped representatively.
An approximate computation can be done based on two assumptions: first, that the cross section of the aorta is circular and, second, that all velocities at points equally distant from the central axis are symmetric about an axis crossing the central axis. The integral of all velocities in points with equal distance from the vessel wall represents the volume bounded by a cylindrical shell, a zero-plane and an upper plane containing two known points ( figure 3 ). Solution of the integral for a skewed cut cylindrical shell or geometric analysis both reveal that the volume will be the same for any plane containing two given axisymmetric points, and the same as for a regular cylindrical shell with a height equal to the midpoint between the two given points (see figure 3 ).
The sum of n volumes each bounded by two concentric cylinders (rl,i and r2,i) and two planes, z = 0 and z = ai + bi.cos (p (cylindrical coordinates) is: n 27T r2 (ai + bi rcos (p) n i=1 b1 o dzr.drdp Xj ,ai(r2i rli where i is one of n cylindrical shells and the other symbols defined in figure 3 .
In terms of velocity, where v = z and ai = ½/2(vli + V2), total cross-sectional flow at a certain time interval (phase angle = 0) is: n 0 = X n(V1,i + V2,j)frrrAr i=l From this computation the flow curve can be constructed, and by integration with respect to time, stroke volume (SVOL), where R = intemal radius of the aorta measured to the nearest 2 mm and 2wr/co = T = average heart cycle time.
To describe asymmetry of velocity profiles a variable, skewness, is defined as the ratio between point velocities at the anterior and posterior of two axisymmetric points, of which one is the maximum velocity within that particular velocity profile. Skewness equal to 1 indicates a flat velocity profile, > 1 anterior maximum, <1 posterior maximum, and <0 a biphasic velocity profile.
Definitions of velocity terms vt,i is the mean velocity at time t and a point defined by the ith level along the investigated diameter, computed from the mean frequency shift.
V0Jik iS the corresponding mean velocity at the phase angle 0 of the kth heart cycle investigated at the ith depth level, normalized with respect to time so that the R peak represents a phase angle of 0 and 2ff. Phase angle = 0 = cart = 2.7i/T. vo0i represents the average of the mean velocities at the phase angle 0 of all beats investigated at the ith depth level along the investigated diameter.
vi is the average with respect to time of all mean velocities at a point on the investigated diameter specified by the depth level 1. vo is the average velocity along the investigated diameter at the phase angle 0.
ito is the corresponding velocity averaged over the whole crosssectional area.
represents the average of all mean velocities at all points in one cross-sectional area averaged also with respect to time; overall mean velocity.
